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The molecular mechanisms by which central nervous system-specific genes are expressed only in the nervous system and repressed in other tissues remain a central issue in developmental and regulatory biology. Here, we report that the zinc-finger gene-specific repressor element RE-1 silencing transcription factor/ neuronal restricted silencing factor (REST/NRSF) can mediate extraneuronal restriction by imposing either active repression via histone deacetylase recruitment or long-term gene silencing using a distinct functional complex. Silencing of neuronal-specific genes requires the recruitment of an associated corepressor, CoREST, that serves as a functional molecular beacon for the recruitment of molecular machinery that imposes silencing across a chromosomal interval, including transcriptional units that do not themselves contain REST/NRSF response elements.
Specific strategies mediating gene repression and gene silencing are required to generate cell-type diversity and promote inheritable cell-type identity [reviewed in (1) ]. For example, the transcriptional repression of neuronal-specific genes is necessary to maintain functions unique to nonneuronal systems. Although the precise mechanisms responsible for this tissue-specific transcriptional inactivation remain unclear, it has been shown that repressor element RE-1 silencing transcription factor/neuronal restricted silencing factor (REST/NRSF) is a negative regulator that restricts expression of neuronal genes to neurons in a variety of genetic contexts (2-4). About 35 neuronal target genes have been identified for REST/NRSF [reviewed in (4) ]. REST/NRSF is a 116-kD protein that contains a DNA binding domain with eight zinc fingers and two repressor domains (4-6) and binds to a 21-to 23-base pair (bp) conserved DNA response element, RE-1/NRSE (2) (3) (4) . It has been shown that REST/NRSF can mediate repression, in part, through the association of its NH 2 -terminal repression domain with the mSin3/histone deacethylase 1,2 (HDAC1,2) complex and with the nuclear receptor corepressor (N-CoR) participating in the context of certain genes (7, 8) . The REST/ NRSF COOH-terminal repression domain associates with at least one other factor, the transcriptional corepressor CoREST, characterized by two SWI3, ADA2, N-Cor, TFIIIB (SANT) domains (9) , that may serve as a platform protein for assembly of specialized repressor machinery (10-12) ( fig. S1 ). HDAC-dependent repression of the neuron-specific gene SCG10. REST/NRSF alternatively recruits mSin3A/HDAC1,2 (7, 8) or CoREST complexes (10) (11) (12) . To investigate the molecular mechanisms involved in REST/ NRSF-mediated gene repression and corepressor complexes, we studied one of the most well-characterized neuronal-specific genes, NaCh type II/Nav1.2, and compared its regulation to that of SCG10 (5) (6) (7) (8) . In a chromatin immunoprecipitation assay (ChIP) (8, 13) from Rat-1 fibroblasts, REST/NRSF and CoREST were highly recruited to the NaCh II promoter, whereas N-CoR was not (Fig. 1A) . HDAC1, HDAC3, and HDAC2 were detected in small quantities or not at all in some experiments (14) . In contrast, REST/NRSF was present on the SCG10 gene promoter with HDAC2, HDAC3, and N-CoR (6, 8, 14) . Transfection of a construct that encodes the REST/NRSF DNA binding domain (REST DBD ) harboring deletions of the defined NH 2 -and COOH-terminal repressor domains (6, 13) , and hence a potential dominant negative, resulted in the specific derepression of both the SCG10 and NaCh II genes (Fig. 1B) . Thus, the binding of REST functions in both establishing and maintaining repression (2) (3) (4) .
Overexpression of the REST/NRSF interaction domain of CoREST (CoREST RID ) (6) served as a dominant negative in the Rat-1 cells and resulted in the specific derepression of the NaCh II gene (Fig. 1C) ; in contrast, there was no effect on repression of the SCG10 gene (Fig. 1C) . Because CoREST can form a biochemical complex with HDAC1/2 (10-12), we investigated the functional importance of HDACs by treating Rat-1 cells with an HDAC inhibitor, trichostatin A (TSA) (300 nM) (7) . When exponentially proliferating Rat-1 cells were incubated in the presence of 300 nM TSA, ectopic activation of the SCG10 gene was observed, with the maximum level of expression activity 8 hours after treatment (Fig. 1D ). In contrast, even after a 48-hour treatment with TSA no detectable activation of the NaCh II gene was observed (Fig. 1D ). These data indicate that CoREST is selectively required to maintain NaCh II but not SCG10 gene repression.
CpG methylation is required for silencing NaCh II gene transcription. Because TSA failed to reduce NaCh II gene repression and because DNA methylation is a widely used strategy in gene silencing (15), we examined the CpG methylation status of the NaCh II gene in Rat-1 cells. Within the genome, from 60 to 90% of the cytosine methylation occurs at CpG dinucleotides (15) (16) (17) . With the use of the sodium bisulfite genomic-modification sequencing approach (13), we found that the NaCh II promoter region exhibited a sparse pattern of CpG methylation (C m pG), with three sites (-447, -259, and ϩ45) preferentially methylated, whereas the CpGs further along the 3Ј end of the gene exhibited a more robust methylated CpG pattern (Fig. 1E) (14) . Treatment of Rat-1 cells with 5Ј-aza-cytidine (5AzaC) for a prolonged period of time (up to 72 hours) to reverse DNA methylation reduced specific CpG methylation in the NaCh II gene promoter ( Fig.  1F and fig. S2 ) and caused derepression of the NaCh II but not the SCG-10 gene (Fig. 1G) . These data suggest that the NaCh II gene might be silenced in a C m pG-dependent manner. Among the many proteins that bind to methylated DNA, MeCP2 characteristically binds to single, symmetrical C m pG pairs in any sequence context (18) (19) (20) and has been functionally linked to gene silencing (21) (22) (23) (24) . Because it is also robustly expressed in Rat-1 cells ( fig. S3) , we investigated the possible participation of MeCP2 in NaCh II gene repression. ChIPs were performed from Rat-1 cells using a MeCP2-specific immunoglobulin G (IgG) ( Fig. 2A) and primers from the REST-binding element in the promoters as well as from the 3Ј-coding regions of SCG10 and NaCh II genes. MeCP2 is present in both the promoter and exon and intron regions of the NaCh II gene but does not bind to the SCG10 gene ( Fig. 2A) . No detectable quantities of the methyl DNA binding proteins MBD3 or MBD4 were observed on the NaCh II gene promoter (14) . In light of recent reports of a biochemical interactions between MeCP2 and transcriptional corepressors (25) , we investigated the relationship between MeCP2 and CoREST. An affinity-purified polyclonal CoREST antibody (6) was used in immunoprecipitation assays (13) to detect direct or indirect interactions between endogenous MeCP2 and CoREST in Rat-1 cells (Fig. 2B ). The overexpression of the DNA binding domain of MeCP2 (MeCP2 MDB ) as a putative dominant negative resulted in derepression of the NaCh II gene, but had no effect on repression of the SCG10 gene (Fig.  2C ). The effects of MeCP2 MDB on derepression of NaCh II gene transcription after Ͼ12 hours in synchronized Rat-1 cells suggest that it blocks reestablishment of the repression apparatus after DNA replication (Fig. 2D) . Although the class I HDACs were shown to interact with MeCP2 via mSin3 (18), MeCP2 is preferentially localized to pericentromeric heterochromatin (20) , a region of the highest 5Ј-C m pG concentration (21) , suggesting that some components of heterochromatic establishment may use MeCP2 as a readout for long-term repression. Our data, thus, indicate a requirement for MeCP2 as well as REST, CoREST, and DNA methylation in establishing and maintaining TSA-independent repression of the NaCh II gene in Rat-1 cells.
To determine whether the similar events that led to the formation of silenced regions at the centromere, at mating-type loci, and during X chromosome inactivation (26) (27) (28) (29) (30) (31) (32) (33) (34) pertain to REST/CoREST-dependent gene silencing, we applied ChIP analysis, which revealed the presence of heterochromatic protein 1 (HP1) as well as MeCP2 (Fig. 2E) and CoREST (Fig. 1A) on the NaCh II promoter. HP1 interacts with a specially modified histone H3 (dimethyl K m 9 histone H3) and is proposed to cause spreading of heterochromatic regions at the ␤-globin locus and in X chromosome inactivation (25) (26) (27) . Indeed, dimethyl K m 9 histone H3 was observed on the NaCh II but not on the SCG10 promoter (Fig. 2E) .
Immunoprecipitation from Rat-1 cells of hemagglutinin (HA)-tagged holo-MeCP2 or HA-tagged MeCP2 DBD revealed histone H3-but not histone H4-specific methyltransferase activity in the immunoprecipitated complex containing holo-MeCP2 (34) (Fig. 2F ). In contrast, no methyltransferase activity was recovered from immunoprecipitated complexes associated with the HA-tagged dominant-negative form of MeCP2 (MeCP2 DBD ) (Fig. 2F) .
Mammalian histone lysine methyltransferase, suppressor of variegation 39H1 (SUV39H1), initiates silencing with selective methylation on Lys 9 of histone H3, thus creating a high-affinity binding site for HP1 (34) (35) (36) . When an antibody to endogenous SUV39H1 was used for immunoprecipitation, MeCP2 was effectively coimmunoprecipitated; conversely, ␣HA antibodies to HA-tagged MeCP2 could immunoprecipitate SUV39H1 (Fig. 2G) . Two consecutive rounds of immunoprecipitation for the ChIP showed that MeCP2 and SUV39H1 (Fig. 2H ) and CoREST and MeCP2 ( fig. S4) were present on the same NaCh II transcription units (Fig. 2I) . Further, MeCP2 was selectively immunoprecipitated from mixed histones prepared from Rat-1 cell nuclei by ␣di-Me K9 histone H3, but not ␣AcK14 histone H3 or ␣P10 H3 histone IgGs (14) .
CoREST-dependent silencing of a chromosomal region. To identify previously unknown REST/NRSF target genes (5), we conducted a human and murine genome-wide search for REST/NRSF binding sites on the basis of the consensus site derived from experimentally confirmed RE1/NRSF with four invariant residues critical for function and permitting four mismatches (13, 37) . This bioinformatics approach revealed 1047 potential REST-binding sites in the genome, all but 40 located adjacent (Ϯ2 kb) to known or predicted genes.
Many of the putative REST/NRSF target genes have sufficiently well-characterized expression patterns, suggesting that ϳ90% can be assigned as strictly or predominantly neuralspecific. The predicted genes encode a wide variety of functional molecules including ligands; ion channels; receptors; receptor-associated factors; and cytoskeletal and adhesion molecule-factors involved in axonal guidance, transport machinery, transcription factors, and cofactors; a portion of which are listed in Table  1 . However, some genes are not neuronal-specific, including a cohort of genes involved in angiogenesis and chromatin remodeling. Evaluation of the effects of TSA and 5AzaC on several predicted REST/NRSF target genes suggests that there will be numerous genes exhibiting REST/NRSF-dependent silencing that require DNA methylation (e.g., SMARCe), as well as genes exhibiting HDAC-dependent repression mediated by REST/NRSF [e.g., otoferlin (OTOF)] (37). Both genes require REST for their repression, but overexpression of CoREST RID or MeCP2 MBD causes derepression of SMARCe in Rat-1 cells (Fig. 3A) , whereas OTOF is reactivated only in the TSAchallenged Rat-1 cells (Fig. 3A) .
The search for REST/NRSF binding sites revealed that many putative REST-regulated genes were tightly clustered. We found several neuronal-specific genes grouped together in the rat genomic interval 3q22-32 where the NaCh II gene is mapped. In this interval, the only RE1/NRSE elements identified by informatics were in the promoters of the REST/NRSFregulated neuronal-specific NaCh II, GAD1, and M4 (38, 39) . Although eight sodium channel genes are organized in a cluster that mapped to the corresponding chromosome 2 interval in the human genome, current information permits only the NaCh III gene to be clearly mapped to the rat chromosome 3q22-32 interval. The HoxD9 gene mapped to the same interval (3q24-32), and neither NaCh III nor HoxD9 contained REST/NRSF sites. Such grouping of REST-regulated genes at the rat locus 3q22-32 raised the questions of whether CoREST/ MeCP2-mediated silencing is imposed on other REST-regulated genes in the interval (such as GAD1 and M4) and whether a similar mode of repression can be extended to genes not harboring REST response elements (such as NaCh III and HoxD9).
Data from transcriptional expression profiling in Rat-1 cells demonstrated that NaCh II, NaCh III, GAD1, HoxD9, M4, and NeuroD1 were not expressed in Rat-1 cells (Fig. 3B) , whereas genes 5Ј (such as GpD2 and GCg) or 3Ј (such as Cox1 and PCNA) to the interval 3q22-32 were highly expressed. Treatment of Rat-1 cells with TSA did not alter the basal level of expression of genes within the putative REST/NRSF-dependent gene interval but did cause activation of the NeuroD1 gene (Fig. 3B  and fig. S5 ). However, we observed a derepression of all tested genes in the interval flanked by the NaCh II and M4 REST/NRSF target genes when treated with 5AzaC (Fig. 3B) . Thus, we could suggest that the region 3q22-32 between the NaCh II and the M4 genes is silenced in a DNA methylation-dependent fashion, with the REST-regulated genes potentially serving as organizers of the silent interval. Consistent with this model, NaCh II, NaCh III, GAD1, HoxD9, and M4 were all reactivated by overexpression of the REST DBD , CoREST RID , or MeCP2 MBD dominant-negative factors (Fig. 3B) . However, no reactivation of the transcriptional activity of another repressed gene, Neuro D, was observed in the same experiments.
ChIP analysis was performed with the use of the polymerase chain reaction (PCR) with an internal standard (40) to normalize the results from the different genomic segments of NaCh II, NaCh III, GAD1, HoxD9, and M4 gene promoters, as well as a 3Ј coding region of NaCh II (Fig. 4A) . The results indicated that REST/NRSF and CoREST were associated only with the promoters of REST/NRSF-regulated genes (NaCh II, Gad1, M4) and not detected on the 3Ј end of NaCh II gene or on the promoters of NaCh III or HoxD9 genes (Fig.  4A) . This is consistent with predictions of the informatics search. In contrast, MeCP2 was present throughout the interval on the six tested genomic segments. Thus, although treatment with TSA did not substantially reduce the degree of MeCP2 occupancy on promoters of these genes, the genomic demethylation consequent to 5AzaC treatment was associated with release of MeCP2 from all of the segments within the interval (Fig. 4A) .
Whereas REST/NRSF association with promoters of these genes was observed regardless of methylation status (Fig. 4A) , CpG methylation appeared to be required for REST/NRSF/CoREST complex formation on the promoters of NaCh II, GAD1, and M4 genes, because binding of CoREST was eliminated after treatment with 5AzaC (Figs. 4A  and fig. S5 ). Treatment with TSA had no functional effect on the repression status of the genes in the interval (Fig. 3B ) and did not alter the associations of CoREST and MeCP2 proteins with tested genes (Figs. 3B and 4A) .
These data are consistent with a model whereby the presence of a REST-CoREST complex on specific promoters nucleates a progressive silencing across the interval, perhaps by sequestering the methylation-modified chromatin to an inactive nuclear matrix to allow silencing to spread across the interval. Because the "histone code" serves critical epigenetic aspects of transcriptional control and the correlation of specific histone H3 modifications in silencing of the globin locus, X chromosome inactivation, and the MHL loci in yeast (23, 27, 32) , we were particularly interested in evaluating the presence of K m 9 histone H3 and K m 4 histone H3 across the interval by ChIP analysis, with internal standard segments. All known gene targets in the rat Ch3 p22-32 interval contained dimethyl K9 histone H3 but not methyl K4 histone H3 (Fig. 4B and fig. S6 ). This correlation is similar to that observed for the silenced ␤ globin locus (33) .
Corepressor-dependent silencing by REST/NRSF. We conclude that the zinc-finger factor REST/NRSF can mediate both ac- tive repression via recruitment of specific HDACs and gene silencing by recruitment of CoREST complexes (10) (11) (12) to specific promoters in a cell type-and promoter-specific DNA methylation manner.
Similar events occur in vivo, with CoREST, MeCP2, and K m 9H3 markers of silencing proving to be present on the NaCh II promoter in adult murine liver and heart (Fig. 5A) . With the use of MEME and SP-STAR motif-finding algorithms (38), we located two motifs that are present preferentially within 250 bp of an experimentally confirmed RE1/NRSE consensus site that may be related to the known RE1/ NRSE consensus site ( fig. S7 ). The full importance of these motifs will need to be genetically studied, but one (RE2) is capable of both transcriptional repression and REST/NRSF binding (14) . Thus, analogous to nucleation of gene silencing at specific sequences [polycomb group response elements (PREs)] (2), we suggest that the RE1/NRSE element, perhaps in concert with related sites, might nucleate silencing of specific chromosomal regions.
Recruitment of the corepressor CoREST to REST/NRSE gene targets appears to act as a molecular beacon for the silencing machinery, including MeCP2, SUV39H1, and HP1, to propagate and maintain a methyl CpG-dependent silent state across specific chromosomal intervals, including genes that do not contain REST/NRSF-binding sites (Fig. 5B) . This model is consistent with observations that DNA methylation by itself is not sufficient for silencing (41) . MeCP2 appears to be a critical component of these events in Rat-1 cells, but other factors may operate in cell types where MeCP2 is not expressed. The recruitment of SUV39H1, in part via interactions with MeCP2 complexes, apparently leads to HP1 recruitment and chromatin condensation in cultured cells and in vivo (Fig. 5B) . The presence of K m 9 but not K m 4 histone H3 across the rCh3 q22-34 region is consistent with CoREST-mediated recruitment of silencing machinery and the proposed epigenetic program (27, 28, 31, 35, 39) .
These observations further suggest that other factors analogous to REST are likely to mediate the silencing of distinct chromosomal regions that regulate other biological programs, some via recruitment of CoREST complexes. Conversely, the expression of REST/NRSF early in brain development and the potential silencing of genes such as SMARC E suggest that REST/NRSF may also control important roles in early embryonic gene silencing.
